Sasser JM. The emerging role of relaxin as a novel therapeutic pathway in the treatment of chronic kidney disease. Am J Physiol Regul Integr Comp Physiol 305: R559 -R565, 2013. First published July 24, 2013 doi:10.1152/ajpregu.00528.2012.-Emerging evidence supports a potential therapeutic role of relaxin in fibrotic diseases, including chronic kidney disease. Relaxin is a pleiotropic hormone, best characterized for its role in the reproductive system; however, recent studies have demonstrated a role of relaxin in the cardiorenal system. Both relaxin and its receptor, RXFP1, are expressed in the kidney, and relaxin has been shown to play a role in renal vasodilation, in sodium excretion, and as an antifibrotic agent. Together, these findings suggest that the kidney is a target organ of relaxin. Therefore, the purpose of this review is to describe the functional and structural impacts of relaxin treatment on the kidney and to discuss evidence that relaxin prevents disease progression in several experimental models of kidney disease. In addition, this review will present potential mechanisms that are involved in the therapeutic actions of relaxin. glomerular sclerosis; tubulointersitital fibrosis; renal function; nitric oxide; matrix metalloproteinases; transforming growth factor-␤; oxidative stress RELAXIN IS A 6-KDA PEPTIDE in the insulin-relaxin hormone superfamily that was discovered in the 1920s by Hisaw and colleagues. These investigators found that there was a substance in the serum of pregnant guinea pigs and rabbits that induced relaxation of the pubic ligament and remodeling of connective tissue when injected into virgin guinea pigs. This substance was subsequently extracted from porcine corpora lutea and rabbit placenta and named "relaxin" (28, 38). In the decades following the discovery of relaxin, the peptide was found to have several effects on the reproductive tract in estrogen-primed mammals, including elongation of the mouse interpubic ligament (33), inhibition of spontaneous uterine contractions in guinea pigs (46), and cervical softening in cattle (31). More recent technological advances (including improved isolation/purification of proteins, recombinant protein technologies, and genome sequencing) have greatly increased our understanding of the relaxin system and identified new targets for the actions of relaxin throughout the body (78).
RELAXIN IS A 6-KDA PEPTIDE in the insulin-relaxin hormone superfamily that was discovered in the 1920s by Hisaw and colleagues. These investigators found that there was a substance in the serum of pregnant guinea pigs and rabbits that induced relaxation of the pubic ligament and remodeling of connective tissue when injected into virgin guinea pigs. This substance was subsequently extracted from porcine corpora lutea and rabbit placenta and named "relaxin" (28, 38) . In the decades following the discovery of relaxin, the peptide was found to have several effects on the reproductive tract in estrogen-primed mammals, including elongation of the mouse interpubic ligament (33) , inhibition of spontaneous uterine contractions in guinea pigs (46) , and cervical softening in cattle (31) . More recent technological advances (including improved isolation/purification of proteins, recombinant protein technologies, and genome sequencing) have greatly increased our understanding of the relaxin system and identified new targets for the actions of relaxin throughout the body (78) .
In humans, the relaxin peptide family consists of relaxin-1 (H1), relaxin-2 (H2), relaxin-3 (H3), and the insulin-like peptides INSL3, INSL4, INSL5, and INSL6 (5, 39, 89) . H2 relaxin, the major circulating relaxin in humans (which corresponds to relaxin-1 in nonprimates) (68) , is the focus of this review and will be referred to simply as "relaxin" throughout. Relaxin is produced and secreted by the corpus luteum during pregnancy in pigs, rats, mice, and humans (77) , but relaxin is also produced in the male reproductive tract and in the heart, brain, arteries, and kidneys of both males and females. Although relaxin is produced locally in various tissues in both males and females, there is no conclusive evidence that relaxin is a circulating hormone in males, and circulating relaxin is derived only from the corpus luteum in females during the luteal phase of the menstrual cycle and during pregnancy.
There are four relaxin peptide family receptors (RXFPs): RXFP1 (also called LGR7), RXFP2 (also called LGR8), RXFP3 (also called GPCR135), and RXFP4 (also called GPCR142) (5, 6) . These G protein-coupled receptors predominantly bind relaxin, INSL3, relaxin-3, and INSL-5, respectively. Relaxin can bind to both RXFP1 and RXFP2, but RXFP1 is the predominant receptor for relaxin (7) . While it has been demonstrated that the RXFP1 receptor has widespread distribution throughout the body, including the brain, kidney, heart, arteries, and male and female reproductive systems (1, 5, 6, 21, 59, 64) , further study is needed to identify the cell types within tissues that express RXFP1 and the factors that regulate the relaxin receptors (5).
Localization: More Than Just a Pregnancy Hormone
The highest production of relaxin is from the corpus luteum and placenta during pregnancy, consistent with its role in preparing for parturition (78) , and relaxin is also produced by the male reproductive tract (2) . However, this review will focus on the effects of relaxin outside of the reproductive tract. It has been shown that relaxin is expressed in the human heart (23) and kidney (67, 74) ; in the mouse brain, lung, liver, skin, thymus, spleen, heart, and kidney (25, 71, 74) ; and the rat heart, brain, pancreas, liver, and kidney (32, 61) . Relaxin expression has also been demonstrated in arteries (renal, mesenteric, and aortae) from mice, rats, and wallabies (59) .
Identification and characterization of the relaxin family of receptors were not possible until genome sequencing identified a family of leucine-rich repeats containing guanidine nucleotide binding (G protein)-coupled receptors (LGRs). The relaxin receptor, originally discovered as LGR-7 (41) and now known as RXFP1, is widely distributed in both reproductive and nonreproductive tissues. In humans, RXFP1 expression has been detected in the brain, kidney, testis, placenta, uterus, ovary, adrenal, prostate, skin, liver, lung, and heart (41). In rodents, RXFP1 expression has been identified in the kidney (40) , heart (40, 44, 45, 48, 60, 76 81) , arteries (59), brain (40, 44, 45, 47, 48, 60, 76, 81) , pituitary (45) , skin (40, 76) , lung (62, 76) , intestine (40, 76) , colon (40) , and adrenal glands (40) .
With regard to kidney-specific localization of relaxin and its receptors, Samuel et al. (74) identified relaxin mRNA by RT-PCR in the mouse kidney cortex and medulla, and immunostaining confirmed local renal expression of relaxin (67) . Furthermore, RXFP1 mRNA has been identified in kidneys from both humans and rodents (8, 10, 41, 70) , and both relaxin and RXFP1 are also expressed in small renal arteries of both male and female mice, rats, and tammar wallabies (59) . Immunohistochemical analyses have further localized the expression of this receptor in the proximal tubules, inner medullary collecting ducts, and mesangial cells (10, 27) . However, these localization studies must be interpreted with caution as many of the commercial antibodies used to detect the relaxin receptors have not been fully validated. Therefore, further studies are needed to specifically define the cell types within the kidney that express the RXFP1 receptor.
More convincing evidence for the presence of a local relaxin-RXFP1 system within the kidney has been derived from the study of functional effects of relaxin within the kidney. Previous studies in rats have demonstrated that relaxin causes an increase in renal plasma flow and glomerular filtration rate, a decrease in myogenic reactivity in small renal arteries, and an increase in sodium excretion (10, 11, 17) . In addition, a study in a small group of human volunteers demonstrated that intravenous relaxin infusion over 5 h resulted in an increase (ϳ47%) in renal blood flow, although no change in glomerular filtration rate was observed (79) . Furthermore, this acute administration of relaxin resulted in increased urinary sodium excretion and increased clearance and fractional excretion of sodium, with no significant changes in potassium excretion. It should be noted that in this study, each volunteer was his or her own control, and no time control was performed. Together, these findings suggest that the kidney may be a source of localized relaxin production and/or a target organ for relaxin activity.
Evidence of a Renoprotective Action of Relaxin
While a major focus of relaxin research has been examining the effects of relaxin during pregnancy (15, 16, 78) , there are many studies that suggest that the relaxin system is important in nonreproductive functions as well. Recent evidence implicates a protective role for relaxin in cardiorenal disease due to its vasodilatory, antifibrotic, and angiogenic properties (55, 78) ; therefore, relaxin is an attractive agent for the treatment of chronic kidney disease. Furthermore, there is evidence that acute (20) or long-term (18) administration of relaxin can attenuate the renal vasoconstrictor response to ANG II.
Strong evidence for a potential antifibrotic role of relaxin in the kidney is provided by studies in knockout mouse models. Male Rln1 Ϫ/Ϫ mice and Rxfp1 Ϫ/Ϫ mice undergo an agerelated progression of fibrosis in several reproductive and nonreproductive organs, including the kidney (1, 72) . Interestingly, renal fibrosis was only observed in the male, but not female, Rln1 Ϫ/Ϫ mice, indicating that other sex hormones may play a role in mediating or protecting against the renal fibrotic response. Indeed, a recent study demonstrated that castration protected relaxin-deficient mice from age-related renal and cardiac hypertrophy and fibrosis, and testosterone replacement exacerbated the injury (37). The age-related fibrosis in male Rln1 Ϫ/Ϫ mice was associated with renal hypertrophy, an increase in total collagen content, interstitial fibrosis, glomerular sclerosis, and a decline in renal function (as measured by creatinine clearance). One of the most fascinating and promising findings from this study was that administration of recombinant H2 relaxin for only 2 wk resulted in significant reversal of this established renal fibrosis. More recently, the role of endogenous relaxin was further investigated in these relaxin knockout mice challenged with unilateral ureteric obstruction (UUO). In the Rln1Ϫ/Ϫ mice, there was greater collagen and interstitial myofibroblast accumulation 3 days post-UUO compared with the wild-type mice, but after 10 days, this protective effect was lost, and there was no difference in the degree of fibrosis (36) . This suggests that relaxin plays a role in the early development of tubulointerstitial fibrosis, and more recent work demonstrated that the effects of relaxin are due to its ability to suppress cell (fibroblast) proliferation, myofibroblast differentiation, and collagen production (34, 35) , in the absence of any effects on apoptosis.
Many studies in rats have also demonstrated renoprotective effects of relaxin administration, and these effects have been shown in both hypertensive and normotensive models of kidney injury. Using the bromoethylamine model of renal papillary necrosis characterized by interstitial fibrosis, mononuclear cell infiltrate, and tubular cell atrophy, Garber et al. (29) demonstrated that administration of exogenous relaxin increased creatinine clearance and decreased albuminuria, interstitial fibrosis, macrophage infiltration, and transforming growth factor-␤ (TGF-␤) staining (29) . Shortly thereafter, the same group examined the effects of relaxin on two models of renal mass reduction: 1) surgical excision of the poles of one kidney and removal of the contralateral kidney, and 2) infarction of the poles of one kidney and removal of the contralateral kidney (30) . While both models exhibit renal dysfunction and glomerular injury, the injury is more severe in the infarction model, which also develops hypertension. While the protective effects of relaxin treatment in the infarction model may be secondary to the antihypertensive effects of relaxin treatment, findings from the normotensive excision model demonstrated that relaxin reduces glomerular sclerosis and improves renal function in a blood pressure-independent manner as well. Relaxin also prevented the development of glomerular sclerosis and interstitial fibrosis and improved renal function in a rat model of antiglomerular basement membrane disease (56) . Furthermore, only 10 days of treatment with relaxin reversed the decline in renal function and the structural damage that progressed over 12 mo in the Munich-Wistar rat, a rat model of progressive kidney disease during aging (19) , suggesting that relaxin may not only delay progression of renal disease but that agents targeting the renal relaxin system may be useful in the reversal of established renal injury. Finally, our results have shown that relaxin reduces blood pressure, renal structural injury, and albuminuria in ANG II-induced hypertension (75) .
Genetic models of hypertension have also been used to demonstrate the cardiorenal protective effects of relaxin. In spontaneously hypertensive rats, relaxin reduced renal and cardiac fibrosis, even though the effect of relaxin on blood pressure is not consistent in this model (20, 49, 80, 91) , and relaxin treatment in Dahl salt-sensitive rats reduced blood pressure and glomerular and tubulointerstitial injury when rats were given a high-salt diet (92) . Together, these studies have demonstrated the potential of relaxin as an antifibrotic therapy, and they have provided some insights into the potential mechanisms of action of this peptide hormone (Fig. 1) .
Mechanisms Involved in the Protective Effects of Relaxin
Stimulation of nitric oxide production. Nitric oxide (NO) is an important regulator of blood pressure and regional blood flow, vascular smooth muscle proliferation, platelet aggregation, and leukocyte adhesion (57) , and NO plays an important role in the regulation of renal function and the maintenance of renal health. In the kidney, the beneficial effects of NO include renal vasodilation and inhibition of growth of contractile cells, extracellular matrix production, oxidative stress, and sodium reabsorption (9) . NO deficiency is associated with endothelial dysfunction and the development of hypertension, and chronic kidney disease is often associated with NO deficiency (9) . There is increasing evidence that some actions of relaxin are mediated through increased abundance or activity of the NO synthase (NOS) enzymes. Various studies have implicated all three of the NOS enzymes in the NO-dependent actions of relaxin, and these differences may depend upon the cell type studied (3). The NO stimulatory actions of relaxin in reproductive and nonreproductive organs were recently reviewed by Baccari and Bani (3), so this review will focus on the effects of relaxin and RXFP1 activation specifically on the renal NO system.
In the kidney, relaxin is a potent vasodilator, likely acting by increasing NO production (18); however, the molecular mechanism by which relaxin activates the NO system and the NOS isoform(s) involved are unknown. Both in vivo studies and work in cultures of renal myofibroblasts have demonstrated that relaxin activates NOS1 (neuronal NOS) and signals via the NO-cGMP pathway to inhibit TGF-␤ signaling, myofibroblast differentiation, and collagen synthesis (35, 58) . Chow et al. (14) reported that relaxin stimulation of the RXFP1 receptor in rat renal myofibroblasts activated G␣s and G␣B proteins, resulting in phosphorylation of ERK and increased expression of NOS1 but not NOS2 (inducible NOS) (14) . Work by Conrad (15) has also implicated a role of NOS activation in the renal vasodilatory response to relaxin in a two-phase response: 1) binding of relaxin to the RXFP1 receptor rapidly induces phosphatidylinositol 3-kinase/Akt (PKB)-dependent phosphorylation and activation of NOS3 (endothelial NOS), and 2) stimulation of vascular gelatinases results in stimulation of endothelin B receptor-induced NO production for a sustained vasodilatory response (15) , although the NOS isoform involved in this sustained response has not been identified. Recent studies from our laboratory have demonstrated that while relaxin is antihypertensive and renoprotective during ANG II-induced hypertension in rats, relaxin was ineffective in preventing hypertension or renal injury during L-NAME administration, suggesting that the antihypertensive and renoprotective effects of relaxin are dependent on a functional NOS system (75) . In this study, we found that relaxin had no effect on the expression of NOS1 or NOS3 in the kidney cortex during ANG II-dependent hypertension; however, others have shown that relaxin increases expression of both NOS1 and NOS3 in Dahl salt-resistant and Dahl salt-sensitive rats (92) . This study also revealed that pharmacological inhibition of NOS attenuated the antihypertensive effects of relaxin in Dahl salt-sensitive rats during high-salt intake, further supporting a critical role of NO in the protective effects of relaxin.
It is also possible that relaxin decreases oxidative stress to indirectly increase NO bioavailability. In experimental ischemia/reperfusion studies, relaxin decreased lipid peroxidation and 8-hydroxy-2=-deoxyguanosine levels and increased expression of manganese superoxide dismutase in ileal tissue from animals subjected to splanchnic artery occlusion (53) and Relaxin binds to its receptor, RXFP-1, to activate kinase-signaling pathways (Erk, PI3K, Akt) and gene transcription resulting in activation of the three nitric oxide synthase (NOS) isoforms and production of nitric oxide (NO). Increased NO bioavailability results in vasodilation, increased renal blood flow, increased sodium excretion, and inhibition of TGF-␤-Smad2 signaling. Transcription of vascular endothelial growth factor (VEGF) and matrix metalloproteinases is also stimulated. VEGF further stimulates NO production, and matrix metalloproteinases (MMPs) result in cleavage of 1) big-endothelin-1 to stimulate the endothelin type B receptor, further stimulating NO production via an as yet unspecified NOS isoform and 2) collagen. Overall, these pathways result in improved renal function and reduced renal fibrosis. Solid black arrows indicate stimulatory pathways, and dashed gray lines indicate inhibitory pathways. decreased lipid peroxidation in myocardial tissue after ischemia reperfusion injury (52) . We also observed that relaxin treatment resulted in a reduction in systemic oxidative stress markers, urinary excretion of hydrogen peroxide, and thiobarbituric acid reactive substances, and renal cortex nitrotyrosine content in ANG II-dependent hypertension (75) . Because the observed reduction in oxidative stress following relaxin treatment may be the result of either a decrease in the production of reactive oxygen species or an increase in the ability to neutralize reactive oxygen species, future studies should more thoroughly examine the mechanisms responsible for the potential antioxidant mechanisms of relaxin.
Increased NO may also play an important role in the regulation of inflammatory pathways in cardiorenal diseases. Bani et al. (4) demonstrated that relaxin-induced NO production resulted in decreased MCP-1 production in the rat heart. Brecht et al. (13) recently confirmed these findings by demonstrating dose-dependent decreases in TNF-␣-stimulated MCP1 and VCAM expression following relaxin treatment in human umbilical vein endothelial cells and aortic smooth muscle cells. Furthermore, in vitro relaxin treatment restored NOS3 expression and activity, stimulated NOS3 phosphorylation at the activating sites Ser-1177 and Ser-633, and attenuated phosphorylation of the inhibitory Thr-495 site on NOS3 in rat aortic rings treated with TNF-␣ (22) . These changes were also accompanied by reductions in TNF-␣-induced oxidative stress and improved vascular reactivity to ACh. Future studies should further investigate the role of relaxin in inhibiting inflammatory pathways in the vasculature, as well as in other target organs.
Antifibrotic Actions of Relaxin
Inhibition of TGF-␤. One of the predominant factors that contributes to progressive renal fibrosis is the proinflammatory and fibrogenic cytokine TGF-␤ (12). TGF-␤ is a central player in damage to the glomeruli, tubules, and interstitium of the kidney, and inhibition of TGF-␤ in experimental animal models has been shown to attenuate renal injury (51) . Therefore, an important mechanism of action of relaxin lies in its ability to inhibit TGF-␤ signaling. Relaxin decreased TGF-␤ expression and activity in renal cells both in vivo and in vitro (29, 34, 35, 58) . This inhibition of TGF-␤ signaling was shown to result from decreased Smad-2 phosphorylation (34, 58) and resulted in the inhibition of myofibroblast differentiation and collagen production in renal (54) and cardiac (70) fibroblasts. McDonald et al. (56) also demonstrated that relaxin decreased TGF-␤-induced fibronectin levels and promoted fibronectin degradation in cultured renal fibroblasts. These effects of relaxin may be dependent on NO production, as recent studies have demonstrated that the inhibition of TGF-␤ signaling by relaxin is dependent upon NO derived from NOS1 (neuronal NOS) and NO-cGMP signaling in renal myofibroblasts (58) .
Stimulation of matrix metalloproteinases. Renal fibrosis not only results from the overproduction of extracellular matrix proteins but also from impaired degradation of matrix proteins. The latter results from a downregulation of matrix metalloproteinases (MMPs) or upregulation of tissue inhibitors of metalloproteinases (TIMPs) (26) . The antifibrotic effects of relaxin also include stimulation of MMPs and inhibition of TIMP activity to promote matrix degradation (66) . Relaxin has been shown to stimulate the secretion and activity of several MMPs, including MMP-1, MMP-2, MMP-9, and MMP-13 (42, 43, 50, 54, 63, 70, 86, 87, 90) . In cultured fibroblasts, relaxin stimulated MMP-2 (70), and relaxin activated MMP2 in experimental models of cardiac, renal, and airway fibrosis (49, 65) in vivo. Recent findings suggest that the stimulation of MMP expression and activity may be dependent upon activation of NOS1 and NOS2, NO-cGMP signaling, and inhibition of TGF-␤ signaling (14) . In addition, relaxin has been shown to inhibit TIMP-1 activity both in vitro (86) and in an experimental model of diabetic cardiomyopathy (69) .
In addition to the role of relaxin-stimulated MMP activity in the regulation of renal fibrosis, this pathway is also important in the vasodilatory actions of relaxin. Stimulation of vascular MMP-2 and MMP-9 by relaxin is critical for the sustained vasodilatory response to relaxin in the renal vasculature (15) . These vascular gelatinases cleave endothelin-1 precursor, BigEndothelin, to ET , which then activates the endothelial endothelin B receptor, promoting vasodilation. Danielson et al. (19) demonstrated the importance of gelatinases in the acute vasodilation and hyperfiltration following relaxin administration in the aging Munich-Wistar rat. Gelatinase inhibition attenuated improvement in renal function following 24 -72 h treatment with relaxin; however, the improvements in renal function following chronic (20 day) relaxin treatment were not inhibited by short-term gelatinase inhibition, indicating that the long-term effects of relaxin treatment are due to structural changes within the kidney.
Perspectives and Significance: Toward Relaxin-Based Therapeutics in Cardiorenal Diseases
While relaxin was originally discovered as a reproductive hormone, and later, both porcine derived and recombinant human relaxin were (unsuccessfully) tested as a therapeutic for progressive systemic sclerosis (for review, see Ref. 78 ), current trials of recombinant human relaxin are focused on cardiovascular pathologies. A randomized phase II clinical trial showed that relaxin is safe and shows trends of clinical improvement in patients with acute heart failure and mild-to-moderate renal insufficiency, including improvement on symptoms, such as dyspnea, blood vessel congestion, and peripheral edema. (82) . Recently released findings from the phase III RELAX-AHF demonstrated that treatment with serelaxin (synthetic recombinant human relaxin, Novartis) for up to 48 h improves heart failure symptoms and 180-day survival compared with placebo in patients with acute heart failure (83) . In addition, a small pilot study evaluated the safety and tolerability of recombinant human relaxin in patients with stable congestive heart failure. It was found that relaxin is vasodilatory in heart failure patients at doses ranging from 10 to 960 g·kg Ϫ1 ·day Ϫ1 , as indicated by increases in cardiac index and decreases in pulmonary wedge pressure and circulating N-terminal prohormone of brain natriuretic peptide (NT-BNP). At the lower doses of relaxin, the study revealed improvement in renal function (reduced creatinine, uric acid, and blood urea nitrogen levels) in these patients (24, 84) . Recombinant human relaxin is also being tested as a potential therapy in women with preeclampsia, a condition of new-onset hypertension and proteinuria during pregnancy. Because relaxin is a naturally occurring peptide in pregnancy that causes both systemic and renal vasodilation, phase I safety studies are planned to determine the effects of relaxin treatment on uteroplacental blood flow, maternal blood pressure, and renal function in patients with preeclampsia (88) .
As clinical studies on relaxin move forward, a better understanding of its mechanisms of action is required, especially in regard to the hormone's effects on renal function. Indeed, one of the most consistent findings from multiple trials using recombinant H2 relaxin has been its ability to improve creatinine clearance. In healthy human volunteers, acutely administered relaxin (5 h) increased renal plasma flow by ϳ50%, with no concomitant fall in blood pressure (79) . These findings highlight the potential of relaxin-based therapies in patients with impaired renal function. Treatments for chronic kidney disease, including the current standard of care treatment with agents that block the renin-angiotensin system, are limited in that they can slow the progression to end-stage renal disease but cannot prevent progression or reverse established disease (85) . As relaxin has been shown to 1) not only slow but also reverse injury and improve function in experimental models of kidney disease and 2) reduce the systemic sequelae of kidney disease (including hypertension and cardiac and vascular remodeling), further investigation into the renoprotective effects of this hormone alone and in combination with current therapies in models of fibrotic kidney disease, including hypertensive and diabetic nephropathies, is needed. 
